A study on the temperature sensing capability of a light-emitting diode ͑LED͒ has been made. Dependence of I -V characteristics as a function of temperature is used as a temperature sensing mechanism. It is found that the temperature voltage characteristics of a GaP LED are quite linear from 77 to 533 K. The measured sensitivity of the diode is 5.31 mV/K at 1 pA and is 2.34 mV/K at 0.1 mA. Since the reverse saturation current of LED is less than fempto-ampere range, it is possible to operate the thermometer at low currents, as compared to silicon or germanium diode thermometers, which reduce power dissipation in the device. It has been possible to extend the temperature range to higher value due to large value of band gap for LEDs. © 1997 American Institute of Physics. ͓S0034-6748͑97͒03112-2͔
I. INTRODUCTION
Temperature dependence of the current-voltage characteristics of a semiconductor p-n junction have been utilized in temperature measurement since last few decades. [1] [2] [3] [4] [5] [6] It has been observed that the forward voltage drop across a p-n junction at constant current varies almost linearly with temperature. The slope of temperature-voltage curve depends on the value of forward current and it decreases towards higher currents. However their measurement range is limited from low temperature ͑liquid nitrogen͒ to 373 K. The use of a light-emitting diode ͑LED͒ for temperature sensing has been experimentally demonstrated. 7 Its spectral variation with temperature has been made use of in estimation of temperature. In our study a GaP LED has been tested for temperature measurement using its I -V characteristics as a function of temperature. Temperature-voltage characteristics of LEDs show fairly good linearity from liquid nitrogen temperature to 533 K. Since the band gap of LED is larger as compared to silicon or germanium diode, change of voltage with temperature is expected to be larger as compared to silicon diode which enables greater resolution of temperature measurement. As the reverse saturation current of LED is a few orders of magnitude lower than the silicon diode, 8 it is possible to operate the LED thermometer at low currents to reduce the power dissipation across it. In this article we present our investigations on the temperature dependence of I -V characteristics of a GaP LED. Temperature-voltage characteristics at different currents and the dependence of the reverse saturation currents on the temperature to estimate the different physical parameters, are also presented. The article has been subdivided into four sections dealing with Introduction, Theoretical Background, Experiment, and Discussion. It has been observed that temperature-voltage characteristics of a GaP LED at constant current are fairly linear from 77 to 533 K. The rate of change for forward voltage (␦V/␦T) increases with decrease in the current through the diode. For the device under study the measured (␦V/␦T) is 2.34 mV/K at 10 Ϫ4 A and it increases to 5.31 mV/K at 10 Ϫ12 A.
II. THEORETICAL BACKGROUND
The p-n junction voltage in a diode varies linearly with temperature at constant forward current. The voltagecurrent-temperature relation 9 is
where I is the forward current, I 0 is the reverse saturation current, q is the electronic charge, V is the junction voltage, k is the Boltzman's constant, n is the device constant, and T is absolute temperature in K. As can be seen from Eq. ͑1͒, at constant current, there are two temperature dependant terms which effect junction voltage. One is the temperature dependence of the reverse saturation current I 0 and another is temperature term itself. The reverse saturation current depends on temperature by the relation given as
where K 1 is constant of the junction material and geometry and E g is the energy gap. The value of device constant n, also known as ideality factor, is a function of process of carrier generation and recombination in space charge region of the junction. It depends on the manufacturing process and may vary from one batch to the next for the same diode. It is an important factor in the thermometer design. The Eq. ͑2͒ also shows exponential dependence of I 0 on the band gap. It has been shown that I 0 of LED is of the order of 10 Ϫ17 or even less. 8 Hence it is possible to operate LED thermometer at lower currents than silicon diode which essentially reduces dissipation, thereby increasing accuracy of measurement.
Substituting Eq. ͑2͒ in Eq. ͑1͒, and solving for forward voltage, we obtain
The bracket term does not vary considerably in the range of concern because it contains T in logarithmic function. Therefore the voltage temperature relation takes the linear equation form
where the slope f (I) depends upon the current I. Thus for constant forward current, the change of forward voltage with temperature is given by
The lower limit to the linear temperature-voltage region is usually the temperature at which carrier freeze-out occurs. In this region the resistance of the diode becomes very large and voltage increases very rapidly with small decrease in temperature. For a given current, voltage across diode is a linear function of temperature from near absolute zero to some higher temperature value. The limit of high temperature is a function of the band gap voltage of the semiconductor material. Various diode thermometers have been reported with maximum temperature limit of 373 K using silicon and germanium diodes. LEDs are made from semiconductor with wide band gap material. The limit of high temperature can be extended to higher value using LED as a temperature sensor.
Also ␦V/␦T is higher for a diode having large band gap, which enables measurement with better resolution. Since I 0 of LED is low, it can be operated at a lower current which reduces dissipation.
III. EXPERIMENT
The current-voltage characteristics of a GaP light emitting diode is experimentally obtained. The light emitting diode was connected as a feedback element of an operational amplifier ͑Fig. 1͒. A low leakage current operational amplifier ͑OPA 104͒ was chosen. Input current was fed from a current source and I -V characteristics were obtained at various temperatures. Continuous measurements were made from 193 to 533 K in steps between successive measurements. The temperature was increased linearly and allowed to stabilize for some time. Measurement at liquid nitrogen temperature was made by immersing the sensor in liquid nitrogen bath. where K is a constant nearly independent of temperature.
Substituting the values of q and k we can rewrite the equation as
.59 ͬ .
͑7͒
I 0 at different temperatures is estimated from the I -V plots at different temperatures. Figure 3 shows a plot of log I 0 versus 1000/T. It can be seen that the curve is linear and experimentally estimated values match very well in the temperature range 193 to 533 K with the relationship
͑8͒
This relation gives the value of K as 3.43 and E g /n ϭ1.091. From I -V characteristics at different temperatures the value of n is found to be 2.165 at 193 K, 2.067 at 302 K, and 1.955 at 533 K. Hence we obtain the value of E g as 2.36 at 193 K, 2.25 at 302 K, and 2.13 at 533 K which are very close to the reported value of E g for GaP devices. 10 The reported values of E g are 2.26 at 300 K and 2.15 at 545 K.
The value of K 1 can be determined from T -V curves at different currents and using Eq. ͑3͒. In the experiment under consideration, its calculated value is 9.8ϫ10 Ϫ8 .
IV. DISCUSSION
It has been observed that forward voltage drop at constant current of a GaP light emitting diode varies almost linearly with temperature from 77 to 533 K. The reported data on diode thermometer using Si, Ge is around 373 K.
The higher temperature limit for a diode thermometer can be extended with LEDs because LEDs are made from wide band gap semiconductor materials. In addition, it is possible to operate these diodes at low currents due to very low reverse saturation current of LEDs. It has been observed that the experimentally measured ␦V/␦T is approximately 0.4-0.5 mV/K higher than the theoretically derived values. The difference could be due to two reasons. The reverse saturation current I 0 ͓Eq. ͑2͔͒ is directly proportional to T 5/2 . This is valid where recombination generation current is dominant. I 0 is proportional to T 3 where diffusion current dominates. 11 However, in our studies we have tested LED's performance from 10 Ϫ12 to 10 Ϫ4 A. It is observed that the difference between experimentally obtained and theoretically derived (␦V/␦T) is 0.28 mV/K at 10 Ϫ12 A which increases to 0.59 mV/K. The difference is reduced at higher currents (Ͼ10 Ϫ6 A) if we use the term T 3 instead of T 5/2 in Eq. ͑2͒. Secondly we have assumed in our derivations that energy gap to be independent of temperature. It has been reported that the energy gap of GaP devices changes by 0.357 mV/K. 12 The observed difference in experimental measurements could be a combination of these two effects. A light emitting diode used as a temperature sensor will have to be calibrated with temperature. This is because the calibration may not exactly hold good for another diode as no two diodes could be expected to have identical I -V characteristics unless they were cut from the same crystal. A theoretical explanation of the temperature voltage characteristics shows good agreement with the experiment. Therefore, these expressions can also be used in applications that require estimation of a voltage drop across a diode at different temperatures at a given current value.
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